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FOREWORD

• This final report covers the period 1 Apri l 1976 through 1 June 1978 and describes work
conducted under Contract F33615-76-C-5155, an Air Force Materials Laboratory Program to
study the cyclic hot salt stress corrosion (HSSC) behavior of a titanium alloy,
Ti-6A1-2Sn-4Zr-2Mo. Thermal-mechanical cyclic testing of salt-exposed bolthole specimens was
carried out under conditions of temperature and stress which simulated the service environment
of a typical gas turbine engine high-pressure compressor disk. The investigation and evaluation
were accomplished in three broad areas:

1. The effects of various simulated components of a disk flight-cycle (i.e., idle,
takeoff , cruise, and shutdown) on cyclic HSSC behavior were investigated.
Eight different thermal-mechanical cycle configurations were characterized
by crack initiation life at a 950°F simulated takeoff temperature.

2. The effect of varying simulated takeoff temperature was investigated using a
single mission cycle configuration . Temperatures of 800, 950, and 1100°F
were evaluated .

3. The effect of varying microstructures on cyclic HSSC was investigated. Both
beta processed and alpha-beta processed materials were evaluated.

The program was conducted using the Program Manager-Project Group System by the
Pratt & Whitney Aircraft Group, Government Products Division (P&WA/Florida), Materials and

‘Mechanics Technology Laboratory, under the cognizance of Capt. T. L. Bartel, AFML/LLS.
R. L. Fowler, Mechanics of Materials Supervisor, was the P&WA Program Manager . A. J.
Luzietti, Fatigue Group, was the responsible Engineer. Mr. Fowler reports to Mr. M. C.
VanWanderham , General Supervisor, Mechanics of Materials and Structures.

The authors wish to acknowledge the contributions of Mr. E. E. Brown and Mr. M. P. Smith
of Pratt & Whitney Aircraft Group, Commercial Products Division , toward the successful
completion of this contract.

Acknowledgment is also given to the following personnel of the Project Group:

E. J. Burke — Thermal-mechanical cyclic testing
T. F. Brooke — Salt application and analysis
J. H. Costain — Thermal-mechanical cyclic testing
D. B. Granda — Thermal-mechanical cyclic testing
R. Kramarz — Thermal-mechanical cyclic testing
M. W. Ridler — Report preparation
W. S. Tress — SEM fractography 
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SECTION I

INTRODUCTION

The program consisted of a 26-month two-phase technical effort to define the HSSC
behavior of Ti-6A1-2Sn-4Zr-2Mo (Ti 6-2-4-2) alloy under conditions of cyclic temperature and
stress which are relevant to a gas turbine engine compressor disk service environment. The
objective of the program was to develop a laboratory test which would confirm what had become
apparent from engine experience , i.e., under current engine operating conditions HSSC does not
develop although it could be predicted by current titanium HSSC curves based on static loading
conditions. it is anticipated that these data will provide a stepping stone to the development of
a prediction system for cyclic HSSC behavior in titanium high-pressure compressor and low-
pressure turbine disk applications.

During Phase !, the effects of various simulated components of a disk flight-cycle (i .e., idle,
takeoff , cruise, and shutdown ) on cyclic HSSC behavior were investigated. Testing was confined
to beta processed Ti-6-2-4-2 at a 950°F simulated takeoff temperature. Phase I test results
provided the basis for selection of the cycle for Phase II testing, incorporating those portions of a
disk flight-cycle which influence HSSC behavior.

Phase I! testing was performed on both beta and alpha-beta materials to establish the effect
of varying microstructure and takeoff temperature on cyclic HSSC behavior. Beta material was
tested at 800 and 1100°F takeoff temperatures and alpha-beta material was investigated at 800
and 950°F.

Due to the large number of mission-cycles investigated , it was impossible to statistically
substantiate each S-N curve within the time and total number of specimens defined for this
contract . However, enough data points were generated to draw firm conclusions concerning the
effects on HSSC behavior of the various parameters investigated.

1
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SECTION II

BACKGROUND

Rot h alloy developments and process developments on alloys such as Ti -8Al-IV .lMo and
Ti.6A1-2Sn-4Zr.2Mo have been successful in continuaLL y upgrading the creep capability of these
materials over the past decade. New engine models have taken full advantage of the hig her creep
strength improvements by utilizing titanium materials to replace nickel-base superalloys in the
high -pressure compressor. The results have significantly impacted engine technology by reducing
compressor rotor weights and allowing a cost effective replacement of nickel-ba se superalloy
materials. Advanced engine designs may soon, (or the fi rst t ime , incorporate an all t i tanium
comp ressor rotor , and applications in the low-pressure turbine stages may be within reach.
Numerous investigators (Reference I )  have demonstrated that ,  under certain condition s of
temperature. stress , and exposure to halide salts , t i tanium alloys are susceptible to embritt le-
ment and premature cracking. This phenomenon has been called hot salt stress corrosion (HSS(’~
and is of particular interest to the gas turbine engine designer because the conditions required to
cause HSSC seem to be fulfilled by t i tanium compressor components of current engines
(References 2 and 3).

Although there have been instances of HSSC in t i tan ium during alloy processing
developments and during engine test stand operation (Reference 4) . t here have been no
documented component service failures attributable to this phenomenon .

Ot her investigations into the nature of HSSC of t i tanium alloys have usually involved
elevated temperature monotonic loading of a salt exposed rupture type specimen at various st ress
levels for approximately 100 hr. Test temperatures have varied from 5(X) to l(KX) °F. After the
static loading period, the specimens were examined for st ress corrosion cracking and usu ally
subjected to an ambient temperature tensile test to determine residual ductil i ty.  Thus , each set
t~~ test conditions was judged either to cause or not to cause HSSC or embrit t lement.  For a given
temperature , the stress below which HSSC did not occur was established and was designated the
HSSC threshold stress . Thus, curves for 1(X)-hr exposure threshold stress have been established
for most t i tanium compressor component alloys.

H. R. Gray ~Reference 5) has demonstrated that exposure with simultaneous cycling ot bot h
temperature and stress results in reduced susceptibility to HSSC compared to t hat caused by
isot hermal , monotonic loading exposure. Thus , it can he inferred that flight variables could act
synergistically to prevent or ameliorate HSSC cracking. This conclusion was confirmed at P&WA
Commercial Products Division (Reference 61 where t esting incorporating a simulated compressor
disk notch feature , a ’ olthole specimen, was accomplished under static loading conditions , cyclic
temperature/constant stress, isothermal/cyclic stress, and simultaneou s cyclic temperature and
stress.

Based on these background data , this test program was initiated to study HSSC under
conditions more closely simulating actual flight engine loading cycles. It was anticipated t hat the
results would provide insight into reasons for the discrepancy between laboratory predictions of
HSSC occurrence and actual engine experience.

~~~~~ ___ _
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SECTION III

MATERIALS

Four Ti-6 2- 4 -2 disk torgrn gs (Fl (X) turbine plates , P/N 1SZ 4(142715) were procured to
supply material for beta processed Phases I and II test specimens. The disks (Figure 1) were
isothermally beta forged from 9-in , diameter multiple s at T.~ ‘ 50°F in the Ladish (‘n . vacuum
t ;A’rowZlN (;~ rig on existing molybdenum t oo ling. In the isothermal process , t he dii’ set s and
the forg ing mult ip le art’ preheated to the desired forging temperatur e and forged in a single
operation After forging, t hi’ disks are solut iofl treated at 1 7tX)° I” ( I  h r)  AC and aged at I I  tN ) ° I”
t~~ hr l AC.

A half forging. P N 2F 744107, heat code LZI ’N .2003. was obtained from a pr x) u tl ion run
of’ .I’fl~I) forging for Phase II specimens. This disk itub was all alpha-beta processed and solut ion
treated and aged at T~ 25°F ( 1 hr ) AC 1100°F (8 hr l AC in accordance with the PWA 1209
specification

BETA PROCESSED 114-2-4-2

Mechanical property evaluation of the suh iect beta processed disks included room
temperature t Ri’) and ~X)°F tensile tests, room temperature notched t ime to fracture (H’I’N ’I ’I” )
tests , and creep tests at 1050°F, 25 ksi .

‘rest specimens were machined from the integral tes t ring location of each disk and tested
by the forging vendor while additional specimens were machined fro m the outer periphery (rim )
of each of the disks and test ed at P&WA. While a formal P&WA specification for all beta
processed Ti-6-2-4-2 has not been established , the following tentative levels are being considered:

RT Tensile: 130 ksi LTT S. 120 ksi \‘S. ~~~
‘ El. l5~, RA

900°F Tensile: 90 ksi LI’S, 70 ksi \‘S. 10”~- El, 20” HA
HTNTF: 170 ksi/5 hr/N o failure
Creep: 35 hr minimum to 0.l ’~ . plastic deformation at 1050°F/25 ksi .

These properties were used as criteria to which the subject disks were compared.

The RT tensile properties of the beta processed material generally exceeded the minimum
proposed requirements of beta processed Ti-6.2-4-2 presented above. Ult imate tensile strength for
all specimens ranged from 140 to 145 kM while 0.2”r yield strengt hs were 120. 5 to 128 ksi . i’he
percent elongation and reduction of area ranges were fron~ 8.5 to l4~ - and 12.2 to 23.0”, .
respectively . Two values below the 15~’~ minimum reduction of area were recorded. At 900°F’. all
proposed specification properties were met with the exception of two integral test ring specimens
which were about I kM below the vick~ strengt h requirement. The 900°F ul t imate  tensile strengt h .
0.2” yield strength . percent elongation, and percent reduction of area values were 91.1 to
101.4 kM . 69.2 li . 77 .1 kM . 13.0 to l6.7~ . and 27.4 to 45”~ . respectively . All data are shown in
Table 1.

Notched rupture specimens (K~ ~3.8) from the beta material were loaded at 170 ksi and run
for 5 hr minimum. No failures occurred. Integral test ring specimens were discontinued at this
point : however, specimens machined from rim locations were uploaded 10 ksi every S h r t o  failure .
Rupture loads were 190 to 200 kM for the specimens from each of the disks. All data art ’ shown on
Table 2.
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TABLE 1. TENSILE PROPERTIES OF ISOTHERMALLY BETA FORGED
AND SOLUTION TREATED AND AGED Ti-6Al-2Sn-4Zr-2Mo
ALLOY DISK FORGINGS ’

Disk Specimen Specimen Temperature 0.2% YS UI’S El HA
S.N No. Location (‘F) (kai) (kai) (%) ( “ )

112.1 m t  Teat Ring RT 124.9 144.0 14.0 22.0
1.20 Rim Tangential RT 120.5 141.4 12.2 16.3

2 11 -2 tnt Teat Ring RT 122.9 140.3 10.0 23.0
2- ,5 Rim Tangential WI’ 124.5 141.2 8.5 22.4

3 112-3 m t  Teat Ring RT 127.5 145.4 9.0 22.0
3- 16 Rim Tangential RT 126.6 144.7 10.4 13.5

4 112-4 m t  Teat Ring RT 124.4 142.4 9.0 20A)
4-20 Rim Tangential RT 127.7 145. 1 11.8 12.2

212- ’ tnt Teat Ring 9(5) 69.2 93.0 16.0 41. 0
1- 19 Rim Tangential 9(5) 76.0 97.7 16.0 38.9
212-2 m t  Teat Ring 9(X) 70.1 91. 1 13.() 41.0
2-15 Rim Tangential 9(X) 76.2 WOO 14.9 :15.6

3 212-3 tnt Teat Ring 900 71.8 94.2 15.0 45.()
3-15 Rim Tangential 9(X) 77.1 301.4 13.7 27.4

4 212-4 m t  Teat Ring 900 69.8 93.4 15.0 42.0
4 )~i Rim Tangential 9(5) 73.5 96.7 16.7 :3 1.4

‘Heal Treatment 1790°F (1) AC + 1100°F (8) AC .

TABLE 2. ROOM TEMPERATURE NOTCHED STRESS RUPTURE
(}(~=3.8) PROPERTIES OF ISOTHERMALLY BETA
FORGED AND SOLUTION TREATED AND AGED
Ti.6Al.2Sn-4Zr-2Mo ALLOY DISK FORGINGS ’

Di.vk Specimen Specimen Initial Final Time
S-N No. Location Stress Stress ‘ er) Remark s

1 512.1 m t  Test Ring 170 170 5 fliso ntinued
1-2 1 Rim Tan gential 170 1902 10.2 Ruptured

2 512.2 m t  Test Ring 170 170 5 Discontinued
2- 17 Rim Tangential 170 200’ 35 .2 Ruptured

3 512-3 m t  Test Ring 170 170 5 Discontinued
3-17 Rim Fangentia t 173) 200’ 35 .4 Ruptured

4 512-4 Int Test Ring 17(1 370 5 I) iscontinu ed
4-21 Rim Tangential 370 190’ 30.7 Ruptured

‘Heat Treatment 1790°F ( 1)  AC 4- 1100°F (8) At’ .
‘Increased 10 kid every 5 hr.

All beta processed specimens except one from the rim location of disk S/N I met the creep
requiremen t of 35 hr to 0.1”~ plastic deformation at 1050°F/25 ksi. The specimen in qutstion
exhibited a 0.1”~ life of 25 hr. An additional specimen from this disk was retested at 1050°F/25 kM
and exhibited a 0.1’; life of 57.9 hr. Creep lives of the remaining specimens ranged from 35 to 88
hr to 0.1% elongation. Results of creep testing are presented in Table 3.

5
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TABLE 3. (‘BEE P PROPERTIES OF ISOTHERMAL-
LY BETA FOw;KD AND SOI,t !TION
TREATEL) AND AGEI ) i’i.UAl-25n .4Zr .2M o
ALLOY DISK FORGINGS’

( ‘SW,, flmv
lest (‘ondit iun ~hr)

l) isk Spee~mvn l’vntp eriitur e .S’trvss
S-N N~i ~°F) 

— 
( kss 3 I) I ‘ i (L9”~

3 7 12 - I III6() 21% tb 943
I 3 7 3051) 21% ~‘Jlt 3343
7 3?  2 343513 15 6? 33?
2 1:3 ION) 21% s~ 130

:t 73? 3 3 0144) 25 8$ 354
:3 1:1 3054) 2(4 4? 3)3

4 73 ? 4 1(351) 2(4 63 320
4 37 3064) 25 :35 96

‘Heat Treatment — l ?tb’F ( I )  AC t I 300°F 04) At ’
‘Ret est gat e (4 79 hr 3” 1) 3’ 

________

Met allographit ’ exa in m a t  ~~ of selected sped incus from th e four bet a )iros’esscd d isks
revealed a mierostrut’t ure of at’i t ’ular alpha plat elet s arrayed in colonies with som e out lining of
prior beta grain boundar ies by alpha ( Figure 2) . 11w tnit ’rost r tte ’t nrc’s nt’e tvpien l si t thus.’ of bet a
processed Ti -6-2 .4 .2 alloy in the solution treated and aged t ’ondit mu.

ALPHA -BETA PROCESSED MATERIAL (PWA 1209)

Mechanical propert y evaluation by the material vendor o t t  he subject alpha -b etn proc’esst’d
disk included RT and iXX)°F tensile tests, HTN1’F tests, and t’reeti tests at 950” Ff35 ksi. PWA
1200 siwcit%cr ’ion mechanical properties requirements are listed below :

Hi’ Tensile: 130 kM I “I’S , 120 ksi YS, 10”~ El , 20’ HA
~MX)°F Tensile: 90 ksi I.TTS, 70 kM VS . 15”. El , 301’ HA
R’l’NTF: 170 ksi/5 hr/N o ta i lure
(‘reep: 35 hr minimum to 0. 1’ .- plast u’ iietorntat ion ht 95ft I” :35 kM

All t ensi It ’ properties at bot h Hi’ and 1X )° 1” met or exceeded th e ‘WA I 209 sjwt ’it i~at ton
requirements. The Hi’ ul t imate tensile and 0,2” , yield st rt ’ngt Ii ranges were I 46 to I 52 ks and 134
to 139 kM . respectively. The Il’I’ percent elongation ~nd redut ’t inn cit area ranges were I 2 to 333 ’

and 29 to :37’ . , respectively. Values for t he i~X)”F u l t ima t e  ten sil e strvugt h , 3) 2’ , yiel( 1 st r ength ,
percent elongat urn , and percent redui’t idIt ) of area were 99 t ci 105 kM . 7t It ’  $1 kM . 1$’ . , and 43 ( ci
4$’ . , respect ively. All data are shown in ‘l’ahle 4.

‘I’hree not i’hed rupt tire specimens (K , :t .8) were loaded at 170 kst and run t~ir 5 hr wit bout
failure . ‘I’he Hi’N’I’l” dat 8 art’ recorded in ‘l’ab le 5 -

‘I’wo creep specimens were loaded t O 35 kM at 950 1” . Bot h cpe c ’iiiic ’i%s m e t  I he I’W A I 209

specification since plastic deformat int i had tint reached 0.1’~ ti tter 35 hr ot testing in t’~cii t ’itst’ - 
J

(‘reep dai~ are recorded it) Table 6.

Metallographic ’ exnminst i.rn o f t  h. alph a-beta processed forg ing revealed equiaxi’d alpha in
a t ransl~’rnwd bet a matrix t I”i gure Il - The mu’rost rut ’t nrc is I ~pit ’aI ut aip lut - bet a
‘(‘1 6 2 4 2 ~Ilnv in th e stilti ti on treated 833(1 aged t ’t ’fltlit inn.
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TABLE 4. TEN SiLE PROPER’flES OF ALPHA-BETA
PROCKSSEL) l’i-6Al.2Su .4Zr -2Mo Al .1
(P WA 1 ‘209 .J1’91) it h .STAGE (‘OM.
PRESSOR 1)15K Fow;1N(; P/N 2F-744 I07
tl , ’~i (‘ode: I / I  ‘N Forging Ser ial N. . ‘29413

Sp c’nmen l’emps’rc,riir, ’ ii ~‘ )‘5 t’7~ ~No ~~~ ksi ) ( $ 5 , ) ( ‘ i l  4 , )

UT I:~t $ 352 4 I? I’ .’
:1 Ifl’ i t :  7 ) . I I  I i-I  - I~4

R I  l u  0 31 ~ 4 %l ~ 20
II I ’ I ‘ II ; I:. i :. i~ i i

S H’I’ t . t . t : .  ~

I Ri’ i l l  :. 147 2 30 . )~~

I’~VA 1 209 HI’ t ,’O dl I~44) 0 II ) ~~

SI i it t:. ~
‘ Is is;

:3 355) 77 1) 93) $ 1$ 37
Ii 31$) SIts )  tO’? 0 1$ 43

3130 7t~ 10% 4 35
8 935) 7 8  11)0 8 1$ .34
4 900 780 101 2 1$ IS

i’WA ~209 (3151 70 ~i ¶31 ) s’ I . ’. :5)
Rd’quiN’dm’tt t 

- _________-

‘I’AHI ~E 5. ROOM TEMPERA11 ‘RE NOTCH El) S’l’RE~S H( ‘3’
TURE (K , - :~$) l’HOPER’i’IES OF’ ALPHA HE’i’A
PROCESSED Ti-6A 1 - 2Sti -4 Zr-  2Mo Al .1 .OV ~I’WA I 209%
.JThl) 7th-STAGE (‘OM I’HKSSOR DISK FORGIN G

I’ N : ‘2)” -7 4 4 107 Heat ( ‘.‘ds’ I l l  ‘N Forging Sert~ I N,’ ?ts) :t

Spi ’t’ime,i Stress flee, ’
Ni, - ~k s i )  h i)

170 50 Ilid not t a il
2 373) 50  IlitI not t ai l

370 7’ I) 3 0,3 not t a il

PWA t2tSl 370 ‘ S 0 Hupt on’ se. c to ,‘e,’l er sn
Requirement less ih asi 5 hr itt 1 71)

_________________________ 
kit,

TABLE 6. CREEP PROPERTIES OF A1.PHA.HETA PHO(’KSSKI)
Ti-6Al-2~n .4Zr-2Mo ALLO\’ (PWA 1209) ,IT~1) 7t h-
STAGE COMPRESSOR DISK FORGING P N  2F-744107

Hea t (‘ode: I.ZUN Forgotg Serial No 29413

Specimen Tempemture Stre~,s 1~rn ,’ ~1
No ( 

~~~~ h r )  ( ‘4 - 4  N,’n,,e rk s
960 :35 20 0.0$

to 0.314

‘2 964) 31% 20 0.09
75 0 I t )
84 0. 10

A I ‘2151 9544 :ir. 0 30 Time to t i l ,  ,‘reet’ t o
Reqti iri ’metit 

____________- -~~~~~ tie not

$

_____  
—. -- - — - - - - --S. - - -
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Mag: SOOX
FD 143052

Figure 3. Typical Micro struct we of Alpha-Beta Pro-
cessed Ti-6-2-4-2 P/N 2F-744107, LZUN-2003
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SECTION IV

SPECIMENS AND SPECIMEN PREPARATION

I’revious experience showed that areas of stress (‘oncentrations such as notches and
boitholes are the must susceptible to HSSC. The specimen chosen for this study is shown in
Figure 4. This specimen. designed to simulate a typical disk bolthole, has an elastic stress
concentration factor (K , ) of 2.5. Specimens were machined to varying test sect inn thickness to
t’acilit at e the attainment of different stress levels on a single series-loaded multipte -s;wcinwn test
assembly.

413e ter m “st ress” as used throughout this report refers to the nominal net section stress ,
which is defined as the applied axial force divided by the minimum c~oss-sectional ari’,t through
the boithole. Cakulat ion of the applicable area excludes the area occupied by the hnltho le . For
local stress determinations inside the boithole , the elastic K , is only app licable when thi s local
stress is all elastic. It is recognized that, due to localized inelastic straining , th e actual stress etI
a crack origin inside the bolthole is less than the nominal stress multiplied by t he elastic ’ K ,. but
greater than the applied nominal stress . However, because of the complex cycle confi gurations
and varying specimen thicknesses , it was not possible within th~ limited scope of th is contract to
determine the true stress/applied load relat ionships for all conditions.

Rolthole specimens for Phases I and II were machined from four beta processed forgmiig s .
Phase II alpha-beta specimens were machined from a ,J1~fl) 7th-stage compressor disk forging.
After machining, the specimens were dimensionally and visua lly inspected and the center hole
was chamfered by a butterfl y polishing technique , Following this ~~~~~ the specimens were
subjected to glass head pceniug itt an intensi ty of I f ) to 12N. Peening was conducted at an
automated facility at Metal Improvement ltn ’ .. Windsor . (‘onneet icut . After peening, the
specimens were washed in a solution of detergent and warm water , rinsed in hot deionized water .
and allowed to a ir dry . AU subsequent handling of the specimens was performed with  surg ical or
cotton gloves to prevent salt contaminati on from handling.

After cleaning, the specimens were instrumented with thermoetni p les prior to salt
application . Two thermocouples were tack welded opposite each ot her inside the bolt hole on the
load axis centerline of the specimen. Mechanical stress at this 1oct13 ion is m in imum in the
boitho le (axial streets zero ) and thermocouple tack welds do not influence failure.

Salt was applied to test specimens hy a technique developed at 15&WA/F ’lorida . by t he
chemistry section of the Materials and Mechanics Technology laboratories. In this techni que a
know n quantity of simulated sea-salt solution per ASTM P.1141 -62 was applied to a known area
inside and around the bolthole. The saltwater was calibrated in terms of weight of’ chloride ions
per metered drop. The appropriate quantity of saltwater was applied by metering a
predetermined number of drops onto a preselected area which included the bolthole bore . A
saturated wooden applicator was used to uniformly spread the measured sea-salt solution drops
onto the area to be covered . Preheating the specimen permitted rapid wafer evaporat ion from the
salt solution . To determine salted area , measurements of salted surfaces (except bolthole bore) fl
weft’ made from 1X photographs ra t her than fro m the specimeti to min imi z e surface
contamination. To ensure the proper salt ennc etitr atioti , a trial specimen which was salted at the
same time as the test specimens was washed with deionized water which subsequently was
analyzed for chloride ions by specific ion electrode.
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Salt concentrations on flight engine compressor components have ranged from as low as 0.05
mg/in.’ to as high as 5 mg/in .’ (Reference 3). The salt concentration range selected for this
program was 0.25 to 2.5 mg/in .’,or 0.12 to 1.2 mg/in.’ of soluble chloride . This range is well above

— the concentrations known to cause HSSC. The resultant salt layer is typical in appearance to
those encountered on engine har dware.

The instrumented and salted specimens were individually packaged to protect the test
section until the specimen was assembled into a test setup.
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SECTION V

EXPERIMENTAL PROCEDURE

Testing accomplished in this program incorporated t he ’rmal - mechanical simulated mission
cycles in which both temperature and stress were cycled simultaneously to character ize
Ti-6-2-4-2 HSSC behavior.

The test procedure for this program was altered from what has come to be the conventional
method of characterizing I-ISSC behavior. In the conventional method , a series ot specit lwns.
loaded to different stresses are exposed for a predetermined period ot time in an attempt I t t
bracket the threshold stress. After exposure, all specimens are subjected to a room temp erature
loading, usually tensile loading increased to ruptur e . to determine which stresses produce FISS(’
or embrittlement . The threshold stress is established as the minimum stress required to produce
HSSC. Of course there must be at least one (or more) stress corroded specimens and at least one
b r  more) unaffected specimens to establish the threshold bracket . Should the stress range
selected produce HSSC in all specimens or produce no HSSC. the threshold stre ss cannot be
established.

The testing outlined in this contract lent itself well to development of S-N curves (stress y~~

cycles to failure) used to express fatigue behavior. In the development of S-N curves , st resses are
selected to produce failures over the cyclic life range of interest. Specimens are inspected
periodically to establish the life to the first detectable crack , and from these data , crack ini t iat ion
S-N curves are plotted . It is felt that this approach otfers the following advantages over the
conventional crackJno crack threshold stress met hod.

• Estimates of 1-ISSC threshold stresses are possible for a wide range of
exposure time using the same number of specimens which would be required
to establish the threshold stress for one expos u re t ime by the conventional

F 
techniques. Estimates of crack initiation lives over a range of ’ st resses are a lso
possible using the same data base.

• Crack initiation life curves do not require both stress corroded and unaffect ed
tests to draw meaningful conclusions.

• Crack initiation curves provide a more usefu l t ool for the design engineer to
predict component service life ,

• Cyclic HSSC behavior can be expressed in terms of cumulativ e numbe r ot
cycles (analogous with number of flight missions) as well as in conventional
terms of threshold stress for exposure time.

• Crack initiation curves can be compared with future unsalted trnse~ ue low-
cycle fatigu e data to establish stress corrosion degradation nn~ to  establish
the groundwork for development of LCF/HSSC interaction re lationships.

In Phase I of’ the program , beta processed material was subjected to eight different complex
mission cycles all with a maximum (simulated takeoff) temperature of 950°F. The object of
Phase I testing was to identify those components of the flight cycle (i.e., idle , takeoff ,
climb/cruise, and shutdown) which influence HSSC of Ti-6-2-4-2. Phase 11 evaluated the effect of
varying microstructure (beta vs alpha-beta) and takeoff temperature on HSSC crack initiation.

All specimens were tested to failure except in a few cases where life extended beyond that
anticipated . Some specimens were discontinued in order to accomplish all testing within the

13
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schedule of the contract. Due to the large number of cycles evaluated and the limited numbe r of
data points per curve, it was not possible to generate statistically substantiated life curves.
However , rudimentary S-N curves were developed which are adequate to demonstrate the effect
of each simulated flight cycle on HSSC crack initiation .

PHASE I

Testing in Phase I was confined to the beta processed material. The eight simulated flight
cycles used are illustrated in Figu res 5 through 9. Each temperature/stress profile (see Section IV
for discussion of specimen stress) indicates the variation of t hose parameters with time for each
cycle.

Basic Cyci. (Tak.ofl lShutdown)

The Basic Cycle consisted of 5 mm at takeoff temperature and st ress followed by 5 mm at
shutdown (ambient temperature/no load) as shown in Figure 5. All other cycles were
modifications of this cycle.

Cycle II (Cyclic Taksoff Str ess/Constant Taksof f Temp.ratur e)

Cycle II was a 950°F isothermal cycle consisting of 5 mm at takeoff stress and is mm
shutdown (Figure 6).

Cycle III (Tak.ofl’Shutdown) R.saItIng Effect

The Cycle III temperature/stress profile is the same as the Basic Cycle (Figure 5). A periodic
resalting was incorporated for comparison with the single salt application of the Basic Cycle to
determine the effect of salt application frequency.

Cycle Ilib (Ext .nd.d Takeoff /Shutdown)

Cycle ~~b, shown in Figure 5, was similar to the &sic Cycle , but with the takeoff duration
increased from 5 mm to 15 mm to evaluate the effect of a prolonged takeoff condition.

Cycle V (ldlelTakeoff/S hutdown)

Cycle V consisted of the addition of a 10-mm , 300°F, low stress idle dwell to the Basic Cycle
(Figure 7) . The idle stress was established as 37.5~ - of the takeoff stress for each cycle.

Cycle VI (IdI /Taksoff/Crulss/Shutdown)

Cycle VI (Figu re 8) consisted of the addition of a 30-mm , 850°F, cruise dwell to the Cycle
V configuration following the 5-mm takeoff dwell. The cruise stress was established as 91~ of the
takeoff stress. F

Cycle VII (Idle/Takeoff/Reduced CruIse/Shutdown)

Cycle VII was similar to Cycle VI with the 30-mm cruise reduced to 15 mm (Figure 8).

Cycle VIII (Takeoff/Hot Shutdown)

Cycle VIII, shown in Figure 9, was similar to the Basic Cycle , the ambient temperature/no
load shutdown dwell being replaced by a 15-mm , 200°F, low stress shutdown dwell. The Cycle
VIII shutdown stress was established as 37.5~’e of the takeoff stress. The 200°F shutdown dwell
was incorporated to simulate a short stop between flights when the heat soak-back on shutoff
maintains some intermediate temperature until the next takeoff.

14
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PHASE II

Phase II testing was carried out on both beta and alpha-beta materials at ~~~~~ simulated
takeoff temperatures to assess the effects of microstructure and temperature on c’~clic HSSC
behavior. From the results of Phase I testing Cycle VII (Figure 8) was selected as the test ‘ cle
for all Phase II testing.

Beta processed material was tested at 80() and 1100°F simulated takeoff temperatures for
comparison with the 950°F Cycle VII tests of that material during Phase I.

Alpha-beta processed material was tested at 8(X) and 950°F takeoff temperatures tor
comparison with beta material tested at t hose temperatures.

Thermal-MechanIcal TestIn g

Testing under this program was accomplished on three programmable servohydrautic .
• closed loop, thermal-mechanical LCF machines as shown in Figures 10, 11 . and 12. Two

specimens were series loaded in each machine. Specimens were machined to four different gage
thicknesses so that stress differences of up to 15 ksi between two specimens could he achieved

• with a common load. AU specimens were periodically inspected visually using a telemicroscope .
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Testing was discontinu ed as st~tn as a visibl e cra ck was detected. Acoustic emission was
successfully uti lized on this  program - 1. n tort un at t ’ l . equipm ent  was not available for all of t he
program . hut on those tests on whi ch it was emp loyed, it f r e qu en t  t~ signiik ’d imp”nding fai lure
before a crack was visible. Figure 13 shows th e acoust it ’ emission hist ory ofsut ’h a te st - Siwt ’imm ’ns
were heated by two progr ammable in duc t ion heat ers on t hi ’ first and second fac i l i t y  Fmgur e 14)
an d by radiation from infrared quart  i la m ps on the th i rd  machine (Figure 1 ~ ) -

Post -test analysis consisted of :  ( 1 )  detern unat ion ol remaining chloride concentr ation . (2)
tensile fract ure of the sp ecimen t o  expose’ th e 1-ISS(’ tra ct  ore face , and (3) scanning elect ron
microscope (~ EM ) fractograp hic ana ly si s of ’ the HS.S(’ tract ore ~~~~ ‘‘ •

I I •

-
• ‘i f- . ’
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SECTION Vi

TEST RESULTS

PHASE I

Phase I testing of beta processed Ti-6-2-4 -2 material established the cyclic HSS(’
characteristics for eight different thermal-mech anical  cycle t ’onfigurat ions using a simulated
takeoff temperature of 950°F, Results of ’ Phase I testing are presented in ‘l’nb le 7 and in Figures
16 and 17. Figure 16 shows cyclic HSSC crack m i t  ion life versus t akeof T (m a xi mu in) stress for
each cycle configuration tested. Figure 17 presents the same data as a t einet ion of accumulated
tim e ’ at takeoff temp erature, or 950°F threshold stresses of each fli gh t cyc le. ‘I’he’se curves allow
a direct comparison of cyclic data with previously established sta4ic-Ioad minib o lt  hole data
( Referen ce 6) .

Tests performed at a constant 950°F temperature and a 5-m m on/I S-mm oft ’ st ress c cle
(C ycle II )  exhibited higher 1(X) hr threshold stress (cumulative test t ime at 950°F) than previously
established (Reference 6) statically-stressed minibolt hole specimens. ‘I’hese data tend to  con firm
observations by other investigators (Refe rence 5) that  al tern at ing either st ress or temperatur e ’
causes increases in threshold stress, Simultaneous cycling of stre ss and temperature by t he Basic
Cycle schedule (5-nu n takeoff + 5-mm shutdown dwell) resulted in a twofold increase , compare d
to Cycle II (Figure 16), in the stress required to produce cracking at a given crack m i t  iat ion life .
Basic Cycle 1(X)-hr threshold stress was approximatel y 2.5 t imes that  of the st ilt ic-si re’ss
min ibolt holes as shown in Figure 17. This takeoff plus shutdow n dwell s imul at i on was the
simplest therm al-mechanical cycle tested , an d produced the greatest observed increase’ in crack
initiation life .

Extension of the Basic’ Cycle takeoff dwell time from 5 to 15 mitt (Cycle 11th) resulted in ii

decrease’ in init iation life compared to the Basic Cycle. However , thresho ld st ress remained well
above both cyclic-load and static-load isothermal threshold stresses (Figure 17) ,

The addition of the simulated idle and cruise components to the Basic (‘ve’lt ’ (C ycles V . VI .
and VII ) produced no improvement in the Basic Cycle crack init iat ion life . Rat her , based on the ’
limited data , the addition of the itt her fli ght —cycle components might have resulte d in a slight
reducti on in life .

Testing was performed to evaluate the effect of ’ res alting on t he’ HSSC characte’r ist ics o f t  he
Bask’ Cycle. Cycle ill testing consisted of a stress/temperilt ui’e dwell tinu ’ profil e which was
identical wit h the Basic Cycle , and incorporated a periodic resalt ing at predetermined intervals.
Cycle III results showed that resalt ing five times Produced no significant effect t in Basic’ Cycle
HSS(” crack initiation life at 45 ksi. Resalting once at a higher stress level of 55 ksi produced a
possible reduction in life. However , only two data points were used to define the Cycle Ill (‘rack
m i t  ist ion curves, and the apparent reduction in life could be at t rih ut ed to normal data scat I e’r .

The effect of a simulated hot shutdown dwell was investigated using Cycle \ ‘lll , which
consisted of a 5-mm dwell at takeoff temperatu re (950°F) and stress followed by a 15-m m dwell
at reduced temperature ( 200°F) and stress . This hot shutdown dwell component was for
simulation of a short stop between flights where the heat soak-back during shutdown maintains

— some intermediate temperature. The hot shutdown dwell had no sign ificant effect on the Basic ’
Cycle crack initiation life.
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TABLE 7. PHASE I HSSC TEST RESULTS FOR BETA-PROCESSED Ti-6-2-4-2 BOLTHOL E SPEC-
IMENS SUBJECTED TO VARIOUS MISSION CYCLES AT 950°F TAKEOFF TEM-
PERATURE j

Duration of Teat

Cycle Te~ p.mtiarr/Str,as Specimen — ha. No. of Cuni hr
• 1

~
pe pr of ik NO. Idle ThkeWJ Cruise Cycles at 860F Rem arks

Basic 51St) — 29.0 —- 1200 100 No cracks
Cycle isis 5764 — 32.6 — 1200 tOO No cracks

I 5752 — 36.5 — 1’245) 100 No cracks
-
‘ ~ 5732 — 40.0 - 1200 100 No cracks

— ‘ I ~~ 57~~ — 40.0 5625 469 HSSC cracks
- Ni 

~~~~ 5761 — 45.0 — 120(1 100 No cracks
TINS 5750 — 50.0 — 2489 ‘207 HSSC cracks

5729 — MO — 12(k) Uk) Ne, cracks
5789 — 62.2 — 144 12 HSS(’ cracks
5765 — 70.0 52 4 3  HSSC cracks

,,. L~’~’~ 
~~~~~ —4—1

II ~~~~ ~~~~ ~~~~ 5777 — 20.0 — 300 lOt) No cracks
. ‘ s ,~ 

( ~ 5749 — 25.0 3414) 100 No cracks
., ~~~ : 

~~~ • ~~~~ 5786 — 25.0 - 1145 381 HSSC cracks
5762 — 30.0 — :1114) 100 H$SC cracks
5730 — 36.0 — 1414) 100 H$S(’ crack s
5782 — 40.0 114 t04.7 U~ S(’ cracks

no 
~~~~ I

111 
~~~~ IL.-\ - ~~~ 2880 ‘240 I-ISSC cracks

t Resalt) W’ ‘I • I ~ 
575$ — 550 ‘2(14) 16.7 H$S(’ cracks

pe i r ns~ ~_j ,  ~!
Ti’s

,:~~L~!N 

15:1:0 NO rR

S~~i V~ L’~ I ~V j  )‘sVI~~!!~~ i ‘
~ ~~~~~~~ ~ 5783 15 .1) 4(1.1) — - 2:462 196.8 IISS(’ crs,-ks

s~ L_~~.t “‘N ~ ~~~~~~ 
5779 15 .0 40.1) -— 12( 14) 100 HSS(’ crac ks

TIM 5763 169 45.1) - 12114) lOt) .-ISSC crau-ks
S772 16.9 45.0 - - 1299 108 25 HSSC cruet-ks
‘5751 18. 7 50.0 — ‘750 62.5 118S(’ crac ks
‘57:0 20.1; 55.0 — ‘54141 41. 6 HSS(’ cruet-ks

sts. 
* 

5733 20.6 7~~t) 285 23 75 11884’ u’rac ks

VI • 5787 15.0 40.0 :16.4 18:49 t53 ’25 11884’ crac ks
- 5767 114.9 450 4 1.11 112! 93 .4 US crscks

575.4 19. 1 SI .0 .9t .4 219 iS _ . t  l1~~
( irai’ks

,~• I ~~~~ ~~5, —
~~. s~s I  ~~~
tj  )O..L~L.1n-- ~tVII ~ •, f’’ 

~~~
, 5788 15. 11 40 .0 :46 . 4 2206 183.8 N~’ t rusck ~.S74S 18. 7 500 4~’- 5 544 -~~ 3 ~~~8(’ cracks

IS 5757 114 7 5410 4 55 206 17.2 11881’ trac ks
, ‘ 57:18 206 MO 541.0 424 i S V )  US$4’ ersi k~

~ 
NIL 

r4 I * ~ 574 1 206  55 .0 500 649 ,\4 (4 US$4 ’ crac ks
.~~ I C ’ t ~~~~ ) J4 ~VIII’ ~5 ~~~~ ~_ S ~7Ii~ 4 t 0  t$. ( I II~ ’t( u ras k~

‘V _________________________ a 4’) t.t 0 It 1 4 II’ S’~( , rat kM
TDS

‘Larg. crack present at 750 cycles. Accurate initiation life is not known.
‘Complete failure occurred at 500 c’vck.a. Initiation life is not known. HSS(’ was indicated .
°Cvct , VIII 200°F shutdown stress — :47 .5’ ft takeoff (masimum) stre ss . 

______
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PHASE II

By mutuaL agreement between AFML and P&WA/Florida . it was felt that the Phase 11 test
cyc le should include each component of the simulated flight cycle as in Cycles VI and VII. Since
Cycle VII. Figure 8. indicated slightly higher t hreshold stress, it was selected for Phase Ii testing.

The beta processed material was tested at simulated takeoff temperatures of 8(X) and
1100°F. These data combined with the 950°F data of Phase I provide insight into the effect of
temperature on the H SSC behavior of the material, Figure 18 shows the resulting 1(k)-hr
t hreshold stress curve plotted with the previously generated 1(R) hr. static stress . miniholihok’
data.

Alpha-beta processed mater ial was evaluated at 8(X) and 950t’F maximum temp eratures t~)r

compar ison with the beta processed material at t hose temperatures.

Afl Phase II tes t results are presented in Table 8 and in Figures 18. 19, and ‘20. Figures 19
and 20 include the Phase I Cycle VII beta material data for comparison.

Testing of the beta processed material at 8(X)°F takeoff temperature resulted in
substantia lly increased stresses to produce ( ‘rack ing compared to the 950°F beta material of
Phase I. Figures 19 and 20 show that the required stress increased by approximately 50”~- , with the
800° F curve closely paralleling the 950°F curve.

The beta material tests at 1 100°F takeoff temperature resulted in a reduction iti threshold
stresses of approximately 25~ from t he 950°F levels, again producing a curve parallel to the
9.~00F curve.

The alpha-beta material consisted of equiaxed primary alpha in a transtormed beta matrix.
It was anticipated from Gray’s invest igation (Reference 7) that this material would show better
resistance to HSSC than the beta material which was processed above the beta t ransus and
consisted of a larger grained acicular transformed beta structure . The anticipated results were
confirmed at 800°F. As shown in Figures 19 and 20. t he alpha-beta material did show increased
crac k initiation life and threshold stre ss at that temperature. However . at 950°F. a lthough the
aipha-beta material ma~- st ill show a slight advantage, t he difference between the two materials
is not so dramatic.

One of t he most puzzling results of the testing is the occasional occurrence of sI~ c~me~
)s

w hich exhibited cracking predominantly in the chamfer at the edge of the bolt hole and into the
salted face of the specimen with little or no cracks in the bore itself. This phenomenon is shown
in Figure 21. Such out-of-bore cracking is surprising because the notch fact or (K1 - 2.5) offered by
the bolthole should produce a maximum local elastic equivalent stress in the bore 2,5 times the
nominal stress. It is recognized that the material in the bore will yield long before reaching such
a stress . However, a room temperature strain gage survey with 84) ksi maximum nominal cyclic
stress showed a bore-to-face cyclic strain ratio of approximately 1 .~l7. It would be expected that
such a strain ratio would produce consistent bore failures which, in fact , was t he case through all
the Phase I testing and the 950°F tests of Phase II, However, t he high strain testing in both the
800 and 1100°F tests produced HSSC origins predominantly in the chamfer or the face of the
specimen. Figure 22 shows comparative fracture faces of specimens which failed in the bore and
those that failed in the specimen face. Generally the out-of-bore failures occurred in high st rain
testing at 800 and 1100°F. In 800°F testing, t he phenomenon was more pronounced in the beta
material. Of the three specimens tested at 1100°F, one did not fail (the lowest strained) and the
other two exhibited much more cracking in the face than in the bore.
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TABLE 8. PHASE II HSSC TEST RESULTS FOR Ti-6-2-4-2
BOLTHOLE SPECIMENS SUBJECTED TO CYCL E VII
TEST CONDITIONS

Takeoff Conditions Duration of Teat
Cum Time

Specimen Temperature Stress No. of at Takeoff
No. Structure (°F) (ksi) Cycles (1w) Remar*s
5768 beta 800 63.0 1,268 105.7 HSSC crack s
5747 beta 800 70.0 932 77.7 HSSC cracks
5742 beta 800 775 201 16.7 HSSC cracks

5784 beta 1100 29.0 1,730 144.2 No cracks
5746 beta 1100 36.0 328 27.3 HSSC cracks
5735 beta 1100 40.0 259 21.6 HSSC cracks
5775 alpha-beta 800 71.0 675 56.2 HSSC cracks’
5791 alpha-beta 800 80.0 772 64.3 HSSC cracks’
5743 alpha -beta 800 85.0 301 25.1 HSSC cracks’
5744 alpha-beta 800 85.0 340 28.3 HSSC cracks’

5776 alpha -beta 950 45.0 1,284 107.0 HSSC cracks
5759 alpha-beta 960 55.0 887 73.9 No cracks
5792 alpha-beta 960 61.0 26 2.2 HSSC cracks

‘ Cleavage initiations were extremely shallow (—0.001 in.) with crack progression by
fatigue.

‘Cleavage initiations were shallow (—0.006 in.) with crack propagation by a
fati gue/cleavage combination.

80 

1
Cyc le VII
a-ti Material

60 
Cycle VII
ti-Material .-‘~

20 Statically Loaded 
—

PWA 1209 Minib olth ole
Specimens (K1 = 2-5)

0 _____________ ______________ ______________

600 800 1000 1200
Temperature -

~I) 14.’451

Figure 18. Ti-6-2-4-2 Hot Salt Stress CorrosIon 100-Hour
Threshold Stress Curves
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Figure 21. Phas e II Beta P~-ocesst ’d Ti-6-2-4-2 Boltholt’ Spe cimen .Vo
5 746 Tested at I 100°F/ $ hal Takeoff ( ‘onditionsV .\’ote
Multip le Fac e (‘racks and Absence of (‘rac ks in Bore

The reason fo r the phenomenon is still unclear. Perhaps the high strain inside the bore
caused the salt to mechanically spell, separate from t he specimen, and fall away leaving the still-
salted face to be attacked by HSSC. Post-teat SEM microprobe analyses offer some support for
such a theory. Chloride concentrations were measured on three specimens which were tested at
800°F. The analyses showed definite chloride remaining in the boie at the lowest strained
specimen of t he beta material. This specimen did exhibit a normal bore failure. Similar analyses
of a 77.5 ksi stressed beta specimen and an 85 ksi stressed alpha-beta specimen showed the
presence of chloride on the face adjacent to the bolthole. but t he levels inside the bore were below
t he detection limits of the microprobe . Rot h of t hese specimens had predominant t’ace cracking.
Recognizing that this explanation is not without limitation, this phenomenon might be a subject
for future investigations.
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FRACTOGRAPHIC ANALYSIS

The fracture morphology of the failed specimens in this program were generally
characterized b three steps : (1) corrosion-produced inte rgranu lar crack initiation. (2) cleavage-
type propagation, and (3) dimple rupture resulting from the room temperature tensile rupture of
t he specimen. The SEM analysis of one specimen was particularly useful in demonstrating
various features of the fracture morphology produced by this program. The specimen was No.
5782 . subjected to t he Cycle 11 test conditions. This particular specimen was unique in that the
testing was cont inued for 321 cycles after crack initiation was detected at which point it was
tensi le ruptured at room temperature.

Figu re 23 shows an overall view of the fracture face with locations of subsequent
morphological features indicated. Figures 24 through 29 show: (1) corrosion products of HSSC
crack initiation Figure 24, (2) brittle cleavage propagation — Figure 25. (3) transition between
cleavage mode and fatigue — Figure 26, (4) fatigue propagation —~ Figures 27 and 28, and (5)
dimple rupture — Figure 29. An SEM microprobe analysis (Table 9) shows chloride
concentration by weight-percent at the various locations shown in Figures 24 through 27.

In a few cases. SEM analysis showed “islands” of fatigue wit hin the brittle cleavage-type
fracture zone. Figure 30 shows one example. This phenomenon is part icularly interesting because
it implies that during the course of the test , the rapid, britt,le . cleavage-type propagation was
arrested only to be resumed again after a period of relatively slow propagation of the crack by
fat igue.

B. F. Brown (Reference 8) relates instances of having seen similar “islands” of dimple
rupture morphology amidst cleavage zones in fracture faces of statically loaded salt stress
corrosion specimens. Briefly, his explanation states:

There appears to be a threshold stress intensity for a given material!corrodant
system below which HSSC is not observed. This has come to be known as
Crack initiation is induced by corrosion. As the stress intensity increases above
~~~~ given the other conditions necessary for HSSC, fracture is almost entirely
c leavage. Should the stress corrosion mechanism be interrupted, t he stress
intensity will increase and approach K1~- produc ing areas of dimple rupture.
Assuming the conditions for HSSC are restored, the cleavage mode of
propagation is continued. “Thus the overall cracking process is a dual one in
which a mechanochemical fracturing process is interspersed with islands of
purely mechanical fracturing.”

There has been some question concerning the conditions under which the cleavage zone is
produced. Mahoney and Tetelman (Reference 9) have suggested that the absence of corrosion —

products in the cleavage zone indicates that the cleavage occurred during the ambient
temperature rupture of t he specimen required to reveal the fracture face. However, the areas of
fatigue surrounded by cleavage, produced in this program, prove that the cleavage fracture
morphology is a result of the elevated temperature cyclic loading part of the test .

Typical HSSC damage penetration measurements for the various Phase I t hermal-
mechanical cycles tested are compared in Figure 31. The deepest corrosion penetration was
observed on a high stress (55 ksi) Cycle tub extended dwell specimen, which also exhibited the
lowest crack initiation life (19 cycles). Corrosion penetration for Cycle 11th at lower stress was
comparable to other cycles.

The SEM examination of fracture surfaces of Phase 11 beta specimens showed, as in
Phase I, a predominance of cleavage at the origins. Typical fracture origins of beta material,
tested at 800 and 1100°F takeoff temperatures, are shown in Figure 32. Depth of cleavage
penetrations ranged from 0.015 to 0.030 in. These cleavage fracture features were similar to t hose
of the 950°F Phase I tests . 32

-. — —  -— 
~



o -
~~-

a) 4,’

t~~~~~~~~~~~~~~~

I
I1 -o

— 
V .

• — 4’ t~Si — — - ~ c)
I ,.

~ — — ‘a— —o — — ‘a
— • .
Si ~..I ~~~~~~

-

~~~ 
V 

V

/

V 

;~~~~~~~~~~~~

-1 

p

33

V ~ -VV V V - - V - V  - - .V- 
~~~~~~

V- — . - ~~~~~~~~V VV ~ - - V. ~~~~~~ ~~~~~~~~ ~‘-V~~~~~~ ’ — ~~~ V V- ~~~ ——



V 
VV V V -— VV - V -

V . -  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ L

_.,p
~~~~~~~~~~~~~~

. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-~~ ~‘
1 -

fl H’
—I

V . 

~
p •V ~~~~~~~

- 
V -

~~~~~~~
- 

V F-

U

i.d 3
34

- V _ __..AV~’~ 
~~~~~~~~~~ ~~~~~~~~~~~

V. V- ~~ V~~V- V-~~V.~~~V V 
~~~~~~~~~~~~~~~~~ V 

~~~~~~~~~ VV ~~~~~~~~~~~~~~~~~ V ~~~~~~ V -V -V -V-V-V ~~~~
V V

~
V -•



I
~

.~~~~~~

.

H

U

~~~~;l.

II

11 V

35

~~~



____________________________ —-V --V~~~~~~~ - V- ~~~~~ -

I

V ~f ;  
~~~~~~~~~~~~~~

I

L

38 
-

~~~

V 

. 
---- ____

IVV_VV ~~~~~~~~~~~~ V~ ~~_ V• ~~~~~~~~~~~ ~~~~~~~~-V -V -V



V~~~~ •_ ~_ VV 
V 

V 
-V- 

I , - - -

TABLE 9. CHL OR INE CONCENTRATIONS AT VARIOUS
CRACK PENETRATION DEPTHS FOR Ti-6-2-4-2
SPECIMEN NO. 5782 AFFER 635 CYCLES (211.7 hr)
UNDER CYCLE H CONDITIONS

Crack Weight
I4netrat ion Depth Chloride Fracture Swface

(in.)’ (%) Description
0 1.03 Corrosj oa Product. and Cleavage

0,010 0.96 (Figure 24)

0.020 0.21 Cleavage ( Figure 28)
0.030 0.16

0.040 0.12 Cleavage/Fatigue Transition
-: 0.080 010 ()‘jg.j~ 26)

0.060 0.07

0.070 0.08 Fatigue (Figure 27)
0.080 o.o&

‘I)epth of crack penetration measurements were from a aection taken
at the center of the specimen thickness.

• 1
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Alpha-beta material tested at 950°F also displayed cleavage morphology near the fracture
origin. However, this feature of the smaller grained material is not as distinctive as with the beta-
processed material. The SEM micrographs in Figures 33 and 34 indicate the similarity between
cleavage and dimple rupture. Cleavage crack penetration depths of 0.015 to 0.020 in. were
observed -

The observation from cyclic HSSC test results that alpha-beta material shows better
resistance to HSSC than beta material at 800°F is supported by SEM comparisons of fracture
surfaces of t he two microstructures. Figure 35 shows relative penetrations of cleavage for beta and
alpha-beta material tested at 800°F takeoff temperature . Figure :35A, a beta material fracture
origin, clearly shows cleavage visible at only 50X magnification. The fracture morphology was all
c leavage to a depth of approximately 0.030 in. Cleavage penetration in an alpha-beta material
fracture (Figure 35B1 was approximately 0.003 in. (I0~ of the beta penetration) followed by a
combination cleavage/fatigue crack propagation mode. Figure 35C.

CHLORIDE ION ANALYSIS

Initially in the program. both pretest and post-test salt concentrations were expressed in
terms of weight of sea salt solids per unit area of salted surface. The method of expressing salt
concentratiot~ ~n this manner was later changed in favor of a direct expression of residual chloride
rat her than total solids. This change was instituted when it was discovered that the previous
practice of convert ing residual chlorides to assumed sea salt solids (by weight ratio) was not
accurate for post-test concentrat ions. A post-test quantitative analysis for residual sodium on a
long-term Cycle VI test showed that most of the sea salt solids remained on the specimen during
t he test. However, a similar analysis for residual chloride on the same specimen showed that a
severe depletion of water soluble chloride had occurred during the test. The pretest weight ratio
of soluble chloride to sea salt solids was substantially reduced during testing. therefore, it was
unsuitable for determining post-test concentrations.

Chloride concentrations, as determined by specific ion electrode, were recorded prior to and
after eac h test. These concentrations are presented in Tables 10 (Phase I) and 11 (Phase 11). The
pretest concentrations were ca lculated based on measurements obtained from a control sample
which was salted at the same time as the test specimen. Post-test chloride concentration
measurements were obtained from specimens immediately after cyclic testing.

41

- V V  -V.-V . - ~~~~~~~~~~~~~~~~~~~~~~~ -— VV .~~



- V V - V - V  V ~~~._ V V _~~~ V V . - V V V _ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - V -V  —- V. _ V - V  V -V V - V ’  _~~~~~~~~~~~~~ V .V~

V_~VV ~_WV ____V. VVV_~,,~V~_ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
II,
li, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ - ~~~~~— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ VVV ~5T ‘a 4)

~~~~~~~~~~~~~
_w

~~~~V. ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ - I~I ~-

I’~~~~~~~~~~~~~~~~~~~~ 

I
— ,.

~* 
V

~~~~ - ~~ 
- 
‘WL’~~ ~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘~~~~~~~~ ‘a
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~

w~~~~~~~_ V~~~~%_J: 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(5 04) 1~
I 0 C

.
~0)

l~~ 

- 

~~~
42

V

~ 

,- . - . - - . - - -
~~~~~~~~~~~~~~ -V~~~~~ - ZTT~~~~V - -  

-
~~—



V 
- -V— V.,

j

~~~~~~~‘ U
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
— ~~~~~~~~~~ 4)pc—~~~~~~~~~ — q~~

. w~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 0 ~-4) 4)
‘~~~0. ~~

•

~~~~~~~ ~

V 0,1
CO

U) V

‘ -
(5

4)

-~~
-9,

(5

,w

~~~~~~

0

o
U)
Cl)
I

5)
U) C
(5
>(5 ~ ,4)
0
.
~4)

‘a V

4,
0 0 .
8 <

ri

/1-

43



_ _ _ _ _ _ _  -V - V - - V  V~~~~ -~~ V V-V-- V - V - ~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
I

0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ 0

~~~~~~~~~~~~~
H

E
a, -

~~

(I)

V 

.

~~~~~- 
-
~~ .

~

- 

~~~~~~~~~~~~~~~~ 

I

~~~~~~~~~~~~~~~~~~~ 
~:
JL

~~~~~~
p

1

%
V r-%_~_,a_. ‘~~~~k~’~i 

.~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ ‘W

~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~& ~ 
. -,. ,luu p.7_

~ .
~. i

. . ,  - E V

4 -f ~~ V~~~

~~~~~~~~~~~~~~~ *~~ .;~ j~Wr

t Z ~~~~~~~~~~~~~~~~ I~~~~~~~ V V I~I i.~c~~- ’ , .
~ 

01 .~~
F V J  

.. ‘

VVV.V - V V —~~~~~ -~ ‘ - - - V--V V_ __~V -VV~- — — ~-V~_V ~~~~~~~~~~~~~ -~ V.~~~~~ -~~~ L



r 
V~ V._V ~ ~~~~~~~~~~~~~~~~~~~~~~ 

-
~~~~

TABLE 10. PHASE I CHLORIDE ANALYSES RESULTS
FOR HSSC TESTING OF BETA-FORGED
Ti-6-2-4-2 BOLTHOLE SPECIMENS

Maximum Duration of Test Cloride Concentration
Specimen C~vcle Stress No. of Cum Hr (mg/in. ’)

No. Type (ksi) Cycles at 960°F Pretest’ Post-test
5780 Basic 19.0 1200 100 —0.25 Not checked
5764 Basic 32.6 1200 100 —0 .25 Not checked
5752 Basic 36.5 1200 100 —0.25 Not checked
5732 Basic 40.0 1200 100 —0.25 Not checked
5778 Basic 40.0 5625 469 ‘1.1 ‘0.04
5761 Basic 45.0 1200 100 —0.25 Not checked
5750 Basic 50.0 2489 207 ‘1.03 4 ‘0.03
5729 Basic 55.0 1200 100 —0.25 <0.01
5789 Basic 62.2 144 12 0.8 0.32
5765 Basic 70.0 52 4.3 0.99 0.41

5777 II 20.0 300 100 —0.25 Not checked
5749 II 25.0 300 100 —0 .25 Not checked
5786 II 25.0 1145 381 0.76 0.33
5762 II 30.0 300 100 0.24 <0.01
5730 II 36.0 300 100 — O .’25 Not checked
5782 II 40.0 314 104.7 2.32 0.24

5790 III 45.0 2880 40.0 1.09 I~~~) j 5
5758 III 55.0 200 16.7 1.14 ‘0 87

5748 t u b  40.0 613 153 0.85 0.31
5770 fIb 45.0 152 38 0.85 0.05
5736 lflb 55.0 19 4.75 0~99 0.99

5783 V 40.0 2362 196.8 1.28 0.04
5779 V 40.0 1200 100 — 1.02 Not checked
5763 V 45.0 1200 100 —1.02 Not checked
5772 V 45.0 1299 108.25 1.32 0.07
5751 V 50.0 750 62.5 — 1.02 Not checked
5731 V 55.0 500 41.6 — 1.02 Not checked
5733 V 55.0 285 23.75 1.18 0.18

5787 VI 40.0 1642 153.25 1.18 ‘0.04
5767 VI 45,0 1121 93.4 1.18 <0.01
5753 VI 51.0 219 18.25 1.18 0.08

5788 VII 40.0 2206 183.8 1.09 0.04
5745 VII 50.0 544 45.3 1.09 0.07
5757 VII 50.0 206 17.2 L06 0.23
5738 VII 55.0 424 35.3 1.09 0.10
5741 VII 55.0 649 54.0 1.25 0.15

5769 VIII 45.0 2583 215.2 1.13 0.04
5739 VIII 55.0 671 56.0 099 0.16

‘To obtain pretest salt concentration , multiply pretest chloride by 2.115. This
factor does not apply to post-test salt calcuIations~ since the ratio of soluble
chloride to sea salt solids diminishes with exposure time to test conditions.

‘These chloride concentrations are exhibited after washing and resalting at
1200 cycles. Initial pretest concentration was —0.25 mg/in. ’ for both specimens
and was not checked at 1200 cycles.

‘Specimen resalted 5 times during test.
• Specimen resalted once during test.
‘ Washed and resalted at 1642 cycles to 1.13 mg Cl-/in. ’ Test then continued to

crack at 1839 cycles. Post-test analysis after crack showed 0.10 mg Cl-/in. ’
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TABLE 11. PHASE II CHLORIDE ANALYSES RESULTS FOR HSSC TES-
TING OF Ti-6-2-4-2 BOLTHOLE SPECIMENS UNDER CYCLE
VII CONDITIONS

Maximum Maximum DwQtiOn of Test Chloride (‘oncentrotion V~ 

V

Specimen Temperature Stress No. of Cum h~ 
(mg/in.’)

No. Structure ( °F) (ksi) Cycles at Takeoff Pretest’ Post-test
5768 beta 800 63.0 1268 105.7 0.94 0.15
5747 beta 800 70.0 932 77 .7 0.85 0.04
5742 beta 800 ‘71.5 201 16.7 1.24 0.18
5784 beta 1100 29.0 1730 144.2 0.94 0.04
5746 beta 1100 36.0 328 27.3 1.24 0.13
5735 beta h Ot) 40.0 259 21.6 1.04 0.05

5775 alpha-beta 800 71.0 675 56.2 1.12 0V2 6
5791 alpha -beta 800 80.0 772 64.3 134 ‘0.27
5743 alpha-beta 800 85.0 301 25.1 1.21 Not checked

V 
5744 alpha-beta 800 85.0 340 28.3 0.95 0.15

5776 alpha-beta 95(1 45.0 1284 107.0 1.56 0.03
5759 alpha-beta 950 55.0 887 739  1.04 0 .016
5792 alpha-beta 950 61.0 26 2 2  1.27 0V 32

‘To obtain pretest salt concentration , multiply pretest chloride by 2.115. This factor does not apply to
post-test salt calculations . since the rat io of soluble chloride to sea salt solids dIminishes with
exposure time to test conditions.

‘These specimens were broken in tension at room temperature prior to the post-test chloride analysis.
One-half of each broken specimen was submitted for anal ysis by specific ion electrode.
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SECTION vi’

CONCLUSIONS

• Hot salt stress corrosion (HSSC ) threshold stress for Ti-6-2-4-2 boltholes with isot hermal
cyclic loading showed a significant increase over that established by minibolt hole isothermal
static-load tests.

• HSSC threshold stresses for Ti-6-2-4-2 bolthotes with simultaneous stress/temperature
cycling showed dramatic increase over those established by isothermal cyclic-stress tests.

• Of the thermal-mechanical cycles tested , the H~sic Cycle (a simple takeoff /shutdown dwell
simulation) showed the highest threshold stress and crack ini t iat ion life .

• Extension of the Basic Cycle takeoff dwell from 5 to 15 mm resulted in the lowest threshold
st ress and cyclic crack initiation life of the thermal-mechani cal cycles tested.

j  a The addition of various simulated idle and cruise compont-~’s to the Basic Cycle produced no
significant effect on threshold stress or cyclic crack initiation life .

• The hot shutdown dwell (200°F/low-streaM of (‘y ’le VIII produced no significant etTe -t tin
Basic Cycle crack initiation life .

• Resalting had no apparent effect on (‘rack init iat ion life .

• Beta material Cycle VU ‘rack initiation lift ’ was increased when takeoff temperatur e was
reduced from 950 to 8~X)°F. There was approximately a 50”I- increase in stresses to produce a
given life.

• Beta material Cycle VII crack initiation life was reduced with increased takeoff temperature
from 950 to 1100°F. There was approximately a 25e~ decrease in st resses to produce a given
life.

• At 800°F, the alpha-beta material exhibited higher cyclic crack init iat ion life than did the
beta material.

• At 9M)°F. bot h the beta processed and alpha-bet a material exhibited similar cyclic i-rack
initiation life .

• Fract ore surfaces of alpha -bet a material subjected to cvcl ic t hern ial-mechanical test ing at
S00°F were chara cterized by shallow (0.001 to 0.005 in.) cleavage initiati ons followed by
fatigue or a corn binat ion of cleavage/fatigue crack l)ropagat ion.
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SECTION VIII

RECOMMENDATIONS

Studies made possible by this contract have provided valuable insight into the nat ure of
cyclic hot salt stress corrosion (I-ISSC) behavior. Results of the testing have also suggested certain
other fields of investigation which would supplement these findings and provide additional
impetus toward development of a life prediction system t~ir engine components operating iii
HSSC environments . A list of suggestions for further investi gat ions is:

I . Future studies should be planned to establish degradation in crack initiation
life due to HSSC. These studies would require definition of baseline curves
from unsalted specimens for comparison with cyclic HSSC data. To establish
this relationship with a substantial degree of confidence it is essential that
sufficient data points be planned to statistically substantiate resulting
curves.

2. Since none of the flight components added to the Basic Cycle produced any
significant increase in the cyclic crack initiation life , variations ot’ a simp le
takeoff/shutdown simulation should be adopted for further cyclic HSSC
investigations.

3. The standard strain-control specimen . FML 95716C (Figure 3(i), used by
P&WA. Government Products Division should be investigated as a possible
substitute for the boithole specimen in cyclic HSSC life determinations .
Strain-control specimen data have been shown to correlate with bolt hole
specimen results in standard LCF tests. It has also been used succesafullv to
predict the life of cyclically-loaded engine cc~mponents (disks) in the
laboratory . The investigation of this st rain-contro l specimen as a possible
replacement for the bolthole specimen should include a strain survey of the
bolthole and parallel thermal-mechanical tests of both types of specimens
machined from the same forging. Adopti on of the strain-control specimc-n
would result in a substantial savings in material for future tests.

4. A minimum numbe r of exploratory tests should be conducted to investigate
the possibility of a threshold cyclic tern perature .

5. Cyclic HSSC incubation periods should be investigated by testing at varied
toad rates and dwell times.

6. Several tests carried beyond the initiation stage indicate that at some finite
V depth propagation due to HSSC was not maintained. it is recommended that

investigations be conducted to establish parameters affecting HSSC crack
depth.
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